Abstract Purpose: Neuroblastoma is an aggressive childhood disease of the sympathetic nervous system.
Neuroblastoma is the most common cancer during infancy and the most common solid extracranial cancer of childhood in the United States, with an annual incidence of f9.1 cases per million children under the age of 15 (1) . At the time of diagnosis, f70% of patients present with distant metastases. Standard treatment involves radiation and chemotherapy. Chemotherapeutic agents include cisplatin, doxorubicin, etoposide, and cyclophosphamide. However, the side effects of these treatments in children can be serious due to both acute damage and toxicity and increased occurrence of secondary tumors. In addition, even with aggressive treatment, mortality is still high in more advanced stages of the disease with <50% survival rate (2) . Therefore, the search for new nontoxic drugs for single or multidrug therapy is especially important.
There is significant interest in natural products that have clinical potential in the prevention and treatment of cancer. One product that has shown considerable promise is resveratrol, 3,5,4 ¶-trihydroxy-trans-stilbene, a phytoalexin found in grapes, berries, and peanuts and present in the human diet. First described by Jang et al. (3) to have chemopreventive activity, it has subsequently been shown to inhibit the growth of and induce apoptosis in many different tumor cells in vitro as well as inhibit tumor growth in a few animal models (4) . In spite of these findings, little work has been done about the effect of resveratrol in neuroblastoma (5) . Using a murine neuroblastoma cell line, in vitro studies showed a cytotoxic effect of resveratrol, and animal studies using the same mouse cell line showed inhibition of tumor growth (6) . Unfortunately, preclinical in vivo studies of the human disease are lacking.
Resveratrol has pleiotropic effects, altering many different signaling pathways (i.e., nuclear factor-nB, Rb-E2F, p53, phosphatidylinositol 3-kinase/Akt, and mitogen-activated protein kinase pathways), leading to suppression of tumor cell proliferation, adhesion, invasion and metastasis, reduced signs of inflammation and angiogenesis, and induction of apoptosis and differentiation (4) . Although numerous studies have described intracellular changes leading to cell cycle arrest or apoptosis in response to resveratrol treatment, the effects are often cell type specific, and these studies have not yet identified the underlying mechanism of drug action (4, 7). Wang et al. (8) described the use of a resveratrol affinity column, which identified NQO2 (NRH:quinone reductase type 2) as one of the targets of resveratrol in K562 leukemia cells. However, it is not clear how NQO2 inhibition might lead to apoptosis in cancer cells. More recently, the a V h 3 receptor was described as a potential target for resveratrol in MCF-7 cells, leading to apoptosis via extracellular signal-regulated kinase and p53 signaling (9) . Alternatively, mitochondrial involvement in resveratrol-induced cell death has been described (10 -12) .
Mitochondrial dysfunction is an important signal for apoptosis. In cells that die by signaling via the intrinsic apoptotic pathway, mitochondria play a central role. Loss of membrane potential can signal apoptosis by the release of cytochrome c and Smac/Diablo from mitochondria and a decrease in the Bcl-2-Bax ratio associated with mitochondria, leading to the activation of caspase-9 via APAF-1 and to the activation of caspase-3 (see ref. 13 for review).
Here, we show that the loss of mitochondrial membrane potential is an early resveratrol-induced event in neuroblastoma cells that can occur as a result of direct targeting of the mitochondria by the drug. Resveratrol treatment results in the release of cytochrome c and Smac/Diablo and the activation of subsequent components of the mitochondrial intrinsic apoptotic pathway and eventually tumor cell death in vitro. We show that resveratrol given by oral gavage significantly diminishes tumor growth in two xenograft models of human neuroblastoma. Furthermore, we find a sharp increase in tumor cell death and tumor regression when resveratrol is injected in the vicinity of the tumor. Owing to its nontoxic characteristics coupled with the frequency of secondary cancers in children treated with conventional chemotherapeutic agents, resveratrol is an excellent candidate for clinical trials of neuroblastoma.
Materials and Methods
Cell culture. SK-N-AS, NGP, and SH-SY5Y neuroblastoma cell lines were grown as adherent cells at 37jC, 5% CO 2 in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum (Atlanta Biologicals), 10 mmol/L HEPES, and 1% penicillin-streptomycin-amphotericin B (Sigma).
Inoculation of mice. NGP cells (1 Â 10 6 ) were mixed 1:1 with Matrigel (BD Biosciences) and injected s.c. into the flanks of 60 athymic mice (Harlan), which were subsequently divided into four groups of 15 animals each. Protocols were approved by the University of WisconsinMadison Research Animals Resources Center. Five days following inoculation, mice were given 2, 10, and 50 mg/kg of resveratrol (Cayman Chemical) in Neobee M5 oil (triglyceride of coconut oil purchased from Spectrum Chemical Manufacturing Corp.) or Neobee M5 oil alone by oral gavage daily for 5 weeks and the growth rate of s.c. tumors was monitored. Fifty milligram per kilogram was chosen as the maximum dose because the drug no longer stays in solution in Neobee oil at higher doses. SK-N-AS cells (1 Â 10 6 ) were injected s.c. into 30 athymic mice, divided into groups of 10 mice, and given 50 mg/kg resveratrol in Neobee M5 oil or Neobee M5 oil alone or left untreated for 5 weeks. Tumor size in the animals was measured biweekly with calipers in three dimensions (length, width, and height) measuring to the nearest millimeter, and the volume was determined by multiplying the three measurements. A final measurement was made after the tumor was taken out of the animal.
Peritumor injections. SK-N-AS cells (3 Â 10 6 ) were injected s.c. in 16 athymic mice and tumors were allowed to grow to f200 mm 3 . The mice were divided into four groups of four animals each and given five injections over 16 days of 5, 10, and 20 mg of resveratrol in 200 AL DMSO or DMSO alone. The animals were euthanized and photographed and tumor tissue was fixed in formalin, sectioned, and stained with H&E.
Statistical analysis. All responses, tumor volume, relative fluorescence units, percentage apoptotic cells, JC-1 red/green ratio, JC-1 red fluorescence intensity, and caspase-9 and caspase-3 activation, raw numbers not proportions, were analyzed using one-way ANOVA. If this initial analysis found a significant difference among the groups, then t tests were used to test for pairwise differences between groups. All responses except caspase activation were transformed to the log scale to obtain data, which satisfy the assumptions required for ANOVA. Means and SEs were calculated by transforming back from the log scale. Differences were considered significant at P < 0.05.
Resveratrol bioavailability. Resveratrol measurements were carried out using standard procedures (14) . Briefly, tissues or organs were frozen in liquid nitrogen, powdered in a mortar, and homogenized in sodium acetate [0.05 mol/L (pH 5.0); 100 mg powder/0.1 mL]. Samples (tissue homogenates or serum) were incubated at 37jC for 5 h in the presence of 10,000 units/mL h-glucuronidase (Sigma) and then extracted with 2 Â 0.5 mL ethyl acetate. Upper phases were mixed and the solvent was evaporated. The residual pellets were dissolved in 0.1 mL high-performance liquid chromatography solvent B (0.09% trifluoroacetic acid in 90% acetonitrile-water).
Samples were analyzed by reverse-phase high-performance liquid chromatography using a Gemini C6-phenyl column (4.5 Â 250 mm) with 5-Am particle size (Phenomenex). The mobile phase consisted of a 40:60 mixture of solvent A (0.1% trifluoroacetic acid in water) and solvent B pumped at 1 mL/min. The eluent was monitored at 305 nm. Calibration curves were obtained using resveratrol standard solutions (0-2,000 pmol) and found to be linear with a correlation coefficient >0.99. As an additional control, resveratrol-spiked serum was analyzed and found to be extracted with a 90% efficiency.
Tumor cell viability. Neuroblastoma cells were grown in 96-well microtiter plates for 2 days. Resveratrol was added, and 1 to 8 days later, CellTiter-Blue reagent was added according to the manufacturer's instructions (Promega). Fluorescence was measured at excitation/ emission wavelengths of 560/590 nm using a fluorescence plate reader (Molecular Devices).
Flow cytometry. Cells were treated for 48 h with resveratrol and nuclei were then prepared for flow cytometry as described (15) . Nuclei were analyzed in a flow cytometer by collecting 20,000 events.
Apoptosis determinations. SK-N-AS, NGP, and SH-SY5Y cells were treated with 200, 100, and 50 Amol/L of resveratrol, respectively. Cells were then fixed, stained with Hoechst 33528 (Molecular Probes), and analyzed as described (15) . The percentage of apoptotic cells was calculated as the number of apoptotic cells relative to the total number of cells in a viewing field and averaged over five different fields.
Isolation of mitochondria. Mitochondria were isolated from 5 Â 10 7 cells as described earlier (15) . Mitochondrial membrane potential. Changes in mitochondrial membrane potential in whole cells and in isolated mitochondria were measured by fluorometry using the JC-1 dye (Cell Technology) as described (15) .
Cytochrome c and Smac/Diablo release. Cytochrome c and Smac/ Diablo were compared by immunostaining in cytosolic fractions from 6 Â 10 6 cells either treated with 100 Amol/L resveratrol or left untreated. Cell fractionation was achieved as described earlier (15) . In experiments using isolated mitochondria from 5 Â 10 7 cells, cytochrome c levels were compared in mitochondria and supernatant of drug-treated and untreated mitochondria by Western blot analysis. Protein concentration was measured using the Bio-Rad protein assay. Western blot analysis was carried out using 15% SDS-polyacrylamide gels and either anticytochrome c (BD PharMingen) or anti-Smac/Diablo (Cell Signaling Technology) antibodies. Purity of the cytoplasmic and mitochondrial fractions was ascertained with anti-glyceraldehyde-3-phosphate dehydrogenase and anti-cytochrome oxidase antibodies.
Caspase activity. Cell lysates were prepared from resveratrol-treated and untreated neuroblastoma cells to measure the activity of caspase-3 and caspase-9 by fluorometry. SK-N-AS, NGP, and SH-SY5Y cells were treated with 10, 50, 100, and 200 Amol/L of resveratrol. Cells were lysed in a buffer containing 5 mmol/L HEPES and 0.05% Triton X-100. Total protein concentration was measured by Bradford assay (Bio-Rad). For caspase-9 activation, 100 Ag of total protein and, for caspase-3 activation, 20 Ag of total protein from each lysate were assayed in caspase reaction buffer (20 mmol/L HEPES, 40% glycerol, 10 mmol/L DTT, 1 mmol/L EDTA) as described earlier (15) . Caspase-8 activation was measured by Western blot analysis using an anti-caspase-8 antibody (Cell Signaling Technology).
Results
To determine if resveratrol is effective in inhibiting neuroblastoma tumor growth, mouse xenograft models of human neuroblastoma cell lines were tested. Initially, a dose-response experiment was done with the NGP xenograft model. Mice were treated daily with resveratrol doses of 2, 10, and 50 mg/kg. After f5 weeks of oral drug treatment, tumor growth was most strongly inhibited at the highest dose and proportionately less with lower doses compared with the control group (Table 1A) . Tumor volume ranged from f70% less in the 50 mg/kgtreated group to 56% less in the 2 mg/kg -treated group compared with the control group (P < 0.0001 for both). Growth kinetic data show that significant differences between the treated and untreated tumors arose as soon as exponential tumor growth started at around day 15 (Fig. 1A) .
Because the highest dose was most effective in inhibiting tumor growth in the NGP xenograft model, it was also used for the SK-N-AS xenograft model. After 5 weeks of oral drug treatment, tumor growth was strongly inhibited compared with the control groups that received vehicle alone or were left untreated (Table 1B) . Tumor volume was f80% less than that in the vehicle-treated and untreated control groups (P = 0.0003 and 0.0006, respectively). Tumor growth kinetic data show that this tumor displayed extensive growth after a 3-week lag and that resveratrol significantly inhibited this growth toward the end of the 5-week treatment (Fig. 1B) . Toxicity was assessed by survival, activity, and, twice weekly, body weight. All animals survived the treatment without evidence of toxic effects and animals gained 10% to 15% of weight compared with their pretreatment values. On autopsy, the major organs showed no signs of toxicity.
Despite the inhibition of tumor growth observed in the xenograft models, resveratrol levels 30 min after oral administration of 50 mg/kg of drug were only 2 to 10 Amol/L in serum and about 2 to 10 nmol/g in the liver and decreased thereafter. When drug levels were measured at the end of the 5-week time course, we found no accumulation of resveratrol in the serum, liver, or tumor tissue, with levels in the tumor being comparable with those in the liver (about 2-10 nmol/g). To assess the effect of higher doses of resveratrol on tumor growth and viability, the drug was injected next to the tumor in a series of five injections. This resulted in rapid tumor regression compared with the vehicle-treated controls ( Fig. 2A) . Vehicletreated tumor tissue shows the presence of healthy tumor cells with clear borders and the presence of many mitotic figures (Fig. 2B ). In the resveratrol-treated tumors, there are signs of early necrosis and increased presence of apoptotic cells interspersed with residual surviving tumor cells. Cell borders NOTE: End tumor volumes after 5 wks of oral resveratrol treatment in NGP (A) and SK-N-AS (B) xenograft models. * P value when compared to the control group. c P value when compared to the treated group. Research.
on April 20, 2017. © 2007 American Association for Cancer clincancerres.aacrjournals.org Downloaded from and nuclear detail are less clear, and together with cytoplasmic swelling, these changes are consistent with cell damage (Fig. 2C, area 1) . Other areas show many pyknotic nuclei suggestive of apoptosis and surrounded by areas of necrosis (Fig. 2C, area 2) . Adjacent normal tissue is relatively unaffected (Fig. 2C, area 3) .
To understand the mechanism of the antitumor activity of the drug, in vitro studies were carried out using the SK-N-AS, NGP, and SH-SY5Y cell lines, which differ in their genetic abnormalities representing some of the major subtypes of neuroblastoma (16) . The viability of all three cell lines was sharply decreased in response to resveratrol treatment in a timeand concentration-dependent manner (Fig. 3A) . At the highest drug concentration, cell viability decreased approximately 85% to 90% compared with untreated cells after 5 days of treatment. In the cell lines, the IC 50 s of resveratrol after 48 h of treatment were as follows: SK-N-AS, 70 Amol/L; NGP, 120 Amol/L; and SH-SY5Y, 100 Amol/L. If treatment was continued, all cells were dead after approximately 8 to 10 days (data not shown). In addition, dense cultures of neuroblastoma cells (>90% confluent) were also treated with resveratrol as a function of time and concentration and their viability was measured. Under these conditions, cell viability decreased in a concentration-dependent manner over 5 days, further indicating the occurrence of cell death (Fig. 3B) .
To determine if resveratrol causes an inhibition of cell proliferation, neuroblastoma cells were analyzed by flow cytometry (Fig. 3C) . Treatment of SK-N-AS cells with resveratrol led to an increase in the percentage of cells in G 0 -G 1 phase (34-43%) and S phase (24-30%) and a concurrent decrease in the percentage of cells in G 2 -M phase (42-27%), suggesting arrests in G 1 and S phases of the cell cycle. NGP cells showed an accumulation of cells in S phase (22-64%) and concurrent decrease in the percentage of cells in G 0 -G 1 phase (71-36%), suggesting an arrest in S phase. These results indicate that resveratrol decreases cell viability at least in part due to interference with cell cycle progression, although the point of arrest seems cell type specific and dependent on the concentration of resveratrol as seen in other studies (4, 17, 18) .
To determine if resveratrol treatment results in enhanced apoptosis, neuroblastoma cells were treated with different concentrations of resveratrol, optimized for maximum apoptotic response over 48 h, and then stained with Hoechst 33528 dye to visualize apoptotic nuclear morphology (Fig. 3D) . The percentage of apoptotic SK-N-AS and SH-SY5Y cells steadily increased over 48 h up to 32% and 21% of apoptotic cells, respectively. The fraction of apoptotic NGP cells reached a maximum at 24 h and then leveled off. These results suggest that, in addition to the effect of resveratrol on proliferation, the decrease in cell viability is also due to an increase in apoptosis.
Because resveratrol treatment of tumor cells resulted in ultrastructural damage of the mitochondria before cell death, 5 the intrinsic apoptotic pathway in which the mitochondria play a central role was studied in neuroblastoma cells. Mitochondrial membrane potential was first measured as an indicator of mitochondrial dysfunction in SK-N-AS, NGP, and SH-SY5Y cells (Fig. 4A ). These cell lines showed an early and sustained loss of mitochondrial membrane potential in response to resveratrol treatment. Increasing concentrations of the drug led to increased loss of membrane potential as measured with JC-1. Both resveratrol and the positive control (FCCP) caused a collapse of the membrane potential as indicated by the sharp decrease in the red-green JC-1 fluorescence ratio. These results suggest a mechanism for resveratrol action involving mitochondrial function leading to apoptosis via the intrinsic pathway.
To test whether this involves direct targeting of this organelle, mitochondria were isolated from these cells and treated with resveratrol, and the mitochondrial membrane potential was measured (Fig. 4B-D) . Because no cytoplasmic compartment is present in these experiments, only the red fluorescence at 595 nm was measured. As an additional positive control, mitochondria were treated with sodium azide. Membrane potential of isolated mitochondria decreased after resveratrol treatment in a dose-dependent manner, suggesting that resveratrol causes mitochondrial dysfunction by directly targeting the mitochondria without the need to interact with cytosolic components. As expected, the drug concentration needed to attain these effects was about 10-to 20-fold less than needed for whole cells probably due to the lack of diffusion barriers.
In other cell types, loss of mitochondrial membrane potential is followed by release of cytochrome c and Smac/ Diablo from the mitochondria (13) . To determine if this occurs in neuroblastoma cells, SK-N-AS, NGP, and SH-SY5Y cells were treated with resveratrol, lysed, and fractionated, and the amount of cytochrome c and Smac/Diablo found in the cytosolic fraction was measured by Western blot analysis. Cytochrome c was released into the cytosol in all three cell types, albeit at different times after initiating drug treatment (Fig. 5A) . In SK-N-AS cells, cytochrome c was already detectable in the cytosolic fraction after 2 h, whereas in NGP and SH-SY5Y release occurred after 24 to 48 h. Smac/Diablo was also released from the mitochondria in all three cell lines.
To test if release occurs from isolated mitochondria, mitochondria from SK-N-AS cells were treated with 100 Amol/L resveratrol and cytochrome c release was measured in the supernatant by Western blot analysis. After 3 h of drug treatment, no cytochrome c release was detectable, suggesting that cytochrome c release requires cytoplasmic components to occur. It has been shown that Bax can mediate cytochrome c release by translocating to the mitochondria where it heterodimerizes to form channels in the outer membrane (19) . Therefore, the lack of cytochrome c release from isolated mitochondria may be due to the absence of Bax. Because cells in all three lines undergo mitochondrial membrane depolarization within 15 min of resveratrol treatment, differences in the timing of cytochrome c release may be due to these cytoplasmic factors.
To determine whether other components of the mitochondrial cell death pathway were activated, caspase-9 and caspase-3 activities were measured in resveratrol-treated cells in a doseresponse experiment (Fig. 5B and C) . All three cell lines showed increased activity of these enzymes with increasing drug concentration, suggesting that these downstream components in the intrinsic apoptotic pathway are activated in response to resveratrol treatment.
Although the data presented above indicate direct targeting of mitochondria by resveratrol, the pleiotropic effects of the drug may also lead to activation of other cell death pathways. A major initiator caspase acting upstream in both chemicalinduced apoptosis (20) as well as in the receptor-mediated (extrinsic) apoptotic pathway is caspase-8. To determine if either of these pathways is activated in response to resveratrol treatment, processing of procaspase-8 was measured. No caspase-8 was detectable in NGP cells (Fig. 5D) . Similarly, it has been reported that caspase-8 is absent from SH-SY5Y cells (21) . Procaspase-8 was cleaved in SK-N-AS cells in a time-dependent manner indicated by the appearance of 43-and 41-kDa intermediate cleavage products and an 18-kDa active product (Fig. 5D ). These three cell lines, however, are equally sensitive to resveratrol treatment in vitro. Because most studies suggest that caspase-8 is an essential part of the extrinsic pathway, these data indicate that this pathway does not have a critical role in mediating the apoptotic response to resveratrol.
Discussion
Neuroblastoma is a childhood cancer that is difficult to treat especially in advanced stages, and current treatments can have severe side effects. Therefore, the search for effective and nontoxic drugs is critical. A requirement for clinical studies is to show that the drug is effective in neuroblastomas of different genetic origins. Lastowska et al. (16) identified different types of neuroblastoma tumors, of which the advanced types fall into three major genetic groups: those with a gain of chromosome 17q, those with a deletion of chromosome 1p, and those with amplification of N-myc. NGP cells have all three of these traits, and this subtype is considered the most malignant. SK-N-AS cells have a gain of 17q, deletion of 1p, but no amplification of N-myc, and SH-SY5Y cells only have a gain of 17q. In the current study, resveratrol was tested in mouse models of two of the more malignant subtypes. Our studies show a very potent inhibitory effect of resveratrol on tumor growth in these animal models of human neuroblastoma. After 5 weeks of treatment, average tumor volume in the animal models is 70% to 80% less than that of the control groups. Because drug treatment in these experiments commenced 5 days after inoculation of the tumor cells when tumor size is minimal, these experiments suggest that resveratrol can prevent outgrowth of small tumors. In addition, in SK-N-AS xenograft mice, about a third of the treated group showed some decrease in tumor size in the last week of treatment, suggesting some regression in this tumor model. Overall, these data suggest that neuroblastomas of the SK-N-AS subtype are somewhat more sensitive to resveratrol than those of the NGP subtype.
Bioavailability of the drug was found to be minimal, 2 to 10 Amol/L, in the serum of nude mice 30 min after resveratrol was delivered by oral gavage. The concentration of resveratrol decreased thereafter, which is similar to results obtained by others (14) . This is also similar to preliminary results from a recently initiated human phase I trial of resveratrol where serum levels of f3 Amol/L were measured after an oral dosing of 70 mg/kg. 6 Furthermore, the drug does not accumulate in the tumor, liver, or serum during the 5-week treatment. Our experiments show that these relatively low levels are nonetheless sufficient to inhibit tumor growth and to cause some regression of SK-N-AS tumors. To enhance the local levels of resveratrol, a series of injections of the drug were given next to larger SK-N-AS tumors. Rapid tumor regression occurred during the injection regime, and after the last injection, most of the tumor had disappeared. Histology of these tumors showed dying tumor cells, whereas neighboring tissue generally remained unaffected. This suggests that, by using appropriate methods for delivery that bolster the local levels of resveratrol, the drug not only can prevent outgrowth of tumors but also can have a strong antitumor action that leads to rapid regression of the tumor. In a xenograft model of gastric cancer, bolus injections of resveratrol next to the tumor caused an apoptotic index in the tumor of >50% (22) .
To understand the underlying mechanism of the antitumor activity of the drug, cell viability of neuroblastoma cell lines was studied in vitro. Loss of cell viability was observed in all cell lines studied with IC 50 s after 48 h of treatment that range between 70 and 120 Amol/L. Loss of cell viability can be accounted for in part by blocks in cell cycle progression caused by the drug, although these blocks occur at different stages of the cell cycle. The reason for these differences is currently unknown and may result from different levels of cell cycle regulatory proteins leading to differential responses to drug treatment. Moreover, resveratrol can inhibit DNA polymerase a and ribonucleotide reductase, which could cause the cells to arrest in S phase (23, 24) . In addition, resveratrol-induced changes in levels and phosphorylation status of p21, p27, cyclins, cyclin-dependent kinases, and Rb have been reported (4).
The second major factor accounting for loss of cell viability is the induction of apoptosis in response to resveratrol treatment. All three cell lines display increased apoptosis after 24 to 48 h of drug treatment. Furthermore, after 8 to 10 days of treatment, all the cells are dead.
To further understand the mechanism of resveratrol-induced apoptosis, mitochondrial function was studied in response to drug treatment. Mitochondria are a central node in the intrinsic apoptotic pathway. In addition, mitochondria are important in their own right as the source of energy in the cell, especially considering the high metabolic rate of cancer cells. Membrane potential was used as a measure of mitochondrial function. Following resveratrol treatment, an early concentration-dependent decline in membrane potential was observed, indicating that resveratrol treatment of neuroblastoma cells leads to mitochondrial dysfunction.
To determine if resveratrol directly affects mitochondrial function and not indirectly via cytoplasmic signaling, isolated mitochondria were treated with the drug and mitochondrial membrane potential was measured. Similar to treatment of whole cells, treatment of isolated mitochondria with resveratrol resulted in loss of membrane potential in a concentrationdependent manner. These results suggest that one or multiple components of the mitochondria form direct targets for the drug. Because cancer cells are metabolically active due to their high mitotic index, they may be very sensitive to disruption of mitochondrial function as a result of resveratrol treatment. Others have described the F0F1 ATPase/ATP synthase as a target for resveratrol action, although no direct binding studies have yet been done (12) . In addition, resveratrol has been described to have effects on the mitochondrial respiratory chain (11) and the opening of the permeability transition pore (10) . For these reasons, we are currently investigating potential mitochondrial targets.
To further delineate the mitochondrial pathway leading to apoptosis, cytochrome c release was measured in response to resveratrol treatment. Cytochrome c is released from mitochondria following apoptotic stimuli in some cell types (13) and may occur after loss of mitochondrial membrane potential. In SK-N-AS, NGP, and SH-SY5Y cells, resveratrol induces release of cytochrome c. However, treatment of isolated mitochondria with resveratrol does not lead to release of cytochrome c. This suggests that cytosolic proteins are required for resveratrolinduced cytochrome c release. Possible candidates are Bcl-2 family members, such as Bax, or BH3-only proteins, such as Bid, which have been shown to translocate to the mitochondria or activate proteins at the mitochondria following treatment with proapoptotic agents (reviewed in ref. 25) . In addition to cytochrome c release, we also find release of Smac/Diablo from the mitochondria in response to resveratrol treatment.
Cytochrome c has been shown by others to form a complex with caspase-9 and APAF-1, thereby activating caspase-9 (13). Smac/Diablo has been shown to bind to inhibitor of apoptosis, thereby further activating caspase-9. This leads to further apoptotic signaling, particularly the activation of caspase-3. Both caspase-9 and caspase-3 were activated in SK-N-AS, NGP, and SH-SY5Y neuroblastoma cells in response to resveratrol. This suggests a pathway for resveratrol-induced apoptosis that originates in the mitochondria, leading to loss of membrane potential, release of cytochrome c and Smac/Diablo, and activation of caspase-9 and caspase-3, finally resulting in typical nuclear apoptotic morphology and cell death. Differences in the timing of the release of cytochrome c and Smac/Diablo and activation of caspase-9 and caspase-3 among the neuroblastoma cell lines may result from differences in the regulation of cytoplasmic components involved in these processes.
In conclusion, resveratrol strongly inhibits neuroblastoma tumor growth in animal models despite its low bioavailability in serum and tumor tissue following oral delivery. Because no obvious histopathologic signs of widespread apoptosis were observed under these conditions, it is more likely that inhibition of proliferation and/or angiogenesis underlies the inhibition of tumor growth at this dosage. A basic conundrum remains that the low bioavailability after oral dosing probably precludes tumor regression. Our mechanistic studies show that the drug induces apoptosis at considerably higher levels in vitro. These studies nevertheless suggest that if bioavailability can be increased either with respect to longevity or concentration of the drug in vivo, regression can be achieved. As proof of principle, resveratrol injected directly adjacent to the tumor resulted in rapid regression. Therefore, our current research is aimed at delivery routes, drug formulations, and drug derivatives to enhance the bioavailability of resveratrol. In addition, identifying resveratrol-binding proteins and the pathways in which they function may offer new targets for further drug intervention.
